In this perspective paper, we critically analyse the state-of-the-art of arc discharge technique of carbon nanoparticle synthesis. We discuss improving controllability of the arc discharge synthesis of carbon nanotubes, synthesis of graphene as well as general understanding of the synthesis process. Fundamental issues related to relationship between plasma parameters and carbon nanostructure characteristics are considered. Effects of electrical and magnetic fields applied during single-wall carbon nanotube synthesis in arc plasma are explored. Finally our personal opinion on what future trends will be in arc discharge synthesis is offered.
(Some figures in this article are in colour only in the electronic version)
Carbon nanostructures such as carbon nanotubes (CNTs) and graphene are very promising for molecular sensors [1] , nanoelectronics [2, 3] , supercapacitors [4] , non-volatile memory devices, integrated circuits [5] , atomic-scale switches [6] hydrogen storage [7] , solar cell [8] , biological and chemical gas sensors [9] , nanomaterials [10] , medicine [11] , drug delivery [12] and other carbon-based electronic and magnetoelectronic devices [13] . In addition, graphene films of a large area are of enormous recent interest for electronic and optical applications. Namely, their potential was recently demonstrated for field-effect transistors [14] [15] [16] [17] [18] [19] [20] and for conductive films on transparent plastic electrodes required for development of concept of flexible and stretchable electronics [21] [22] [23] [24] . These promising nanomaterials were synthesized by several techniques based on either chemical [25] or plasma processes [26] and the tremendous interest to these unique nanostructures triggered since the beginning of the 1990s and 2005, respectively [27, 28] .
It should be pointed out that within the framework of this perspective paper our intention is not to do a comprehensive review of the synthesis techniques. In this respect we refer to several recent excellent reviews on the topic [29, 30] . Being actively involved in this research, we would like to lay out some outstanding issues related to this technique and express our personal views on the arc discharge technique of CNT synthesis and application by analysing recent developments and trends.
Arc discharge method
The production of the CNT and graphene usually requires very specific and non-equilibrium process conditions and media composition, namely a high influx of carbon material to the developing structures, relatively high temperatures as well as the presence of a custom-designed catalyst. It is not accidentally that the nanotubes were first discovered in carbon deposits of the arc discharge, where the above exotic nonequilibrium conditions are generated owing to the effect of high-density plasmas. Thus, despite the fact that several advanced techniques for CNT synthesis such as arc discharge, laser ablation and chemical vapour deposition (CVD) were developed [31] [32] [33] arc discharge technique remains probably the most practical one [34, 35] . Several key advantages can be listed in that respect [36] such as fewer defects and a high flexibility [37] of carbon nanostructures produced, lower emission capability degradation than those produced by other techniques [38] . In addition, arc discharge is an environmentlly friendly technique of synthesis that does not generate any by-products of toxic gases or hazardous chemicals.
Among various types of arc discharge, an anodic arc stands out as the arc mode of choice for synthesis of carbon nanostructures. Exceptions are the few works in which cathodic arc was used [39] . Anodic arc is characterized by primary anode ablation during the arc process in contrast to cathodic arc in which cathode ablation prevails [40] . When the anodic arc is implemented for CNT synthesis it is supported by the ablation of the anode material and a substantial part of the ablated material (about 70%) is deposited on the cathode. Two different textures and morphologies can be observed in the cathode deposit; the grey outer shell and dark-soft inner core deposit. Post-arc examination reveals that the multi-wall carbon nanotubes (MWNTs) as well as graphitic particles are found typically in the inner core [41] . On the other hand singlewall carbon nanotubes (SWNTs) produced by the anodic arc discharge are found in a 'collaret' around the cathode deposit, cloth-like soot suspended in the chamber walls and the weblike structure suspended between cathode and walls [42, 43] .
Large-scale production
Large scale [34, 44, 45] and high-purity synthesis of SWNT by arc discharge remains a very important objective [46] [47] [48] [49] [50] . In general, issues of the large-scale production and process control for some carbon nanostructures' growth, in particular graphene, remain essentially unresolved.
Indeed, the majority of the surface-based methods, such as micromechanical exfoliation [51] , epitaxial growth on electrically insulating surfaces [52] and graphene formation by thermal decomposition [53] or thermal annealing of silicon carbide [54] , have not reached the expected process yields [55] . Very recently, promising results of graphene production in arc discharge [56] and separation of graphene and SWNTs were published, pushing further the state of the art [57] . As such, the arc discharge-based approaches remain among the most advanced and versatile techniques suitable for large-scale production of high-quality CNTs and, most recently, graphene.
Why it is difficult to control the synthesis ?
For a long time arc discharge technique was based on a trial and error approach and this is why ability to control and tailor the synthesis process is one of the most highly topical and pressing issues. Limited understanding of the arc physics and SWNT synthesis mechanism is the major reason for poor control of the SWNT growth process in arc [58] . On the other hand, arc discharge technique has intrinsically large potential for the deterministic approach being a plasma-based process. It is well-known that the arc plasma parameters can be controlled by a magnetic field [59] and, indeed, it was shown that the highpurity MWNTs can be grown in the magnetically enhanced arc discharge [60] and that the magnetically enhanced arc leads to the production of the long single-wall nanotubes [61, 62] . To a large extent, the problem with control of the synthesis arises from the complicated nature of the arc discharge process preventing fixing of the elementary process of catalyst formation, carbon precipitation and nanoparticle nucleation in space and time domain. Although the mechanism of the formation and growth of SWNTs in an arc discharge was studied for a decade, location of the region in arc discharge in which SWNT synthesis occurs and the temperature range favourable for SWNT growth remains unclear. According to some authors [29, 50] the nanotube formation occurs on the periphery of an arc column at a moderate temperature range 1200-1800 K while other studies suggested that the cathode sheath adjacent to the hot arc column (∼5000 K) is the arc region where the nanotube growth occurs [63] [64] [65] . Recall that in the cathode sheath region, the temperature might be well above the reported critical temperatures of thermal stability of the nanotubes. In this respect a question about possible CNT growth in cathode sheath region was open for a long time.
Recently the thermal stability of SWNTs produced in a helium arc was studied [66] . Using a furnace, temperature conditions (for SWNT sample) closely resembling the natural conditions of SWNT growth in the arc plasma were created. The maximum temperature determined from electrical resistance measurements combined with SWNT dynamics analysis was used for predicting SWNT synthesis region. Based on the above estimation, it was suggested that SWNTs produced by an anodic arc discharge and collected in the web area outside the arc plasma are originated from the arc discharge peripheral region, i.e. plasma-gas interface. A typical photo of the arc discharge with the clearly visible plasma-gas interface is shown in figure 1 . Recall that these results are in agreement with previous studies [29, 50] which considered that the region of formation of SWNT is restricted by the temperature range of about 1200-1800 K.
How recent development advances the state-of-the-art?
In a quest for optimization of the synthesis technique and control of the SWNT diameter and chirality a detailed comparison of SWNTs synthesized with and without magnetic field was carried out using UV-vis-NIR and NIR fluorescence spectrometry [67] . It is accepted that SWNTs are created by rolling up a hexagonal lattice of carbon (graphite). Rolling the lattice at different angles creates a visible twist, chirality or spiral in the SWNT's molecular structure, though the overall shape remains cylindrical. The SWNT's chirality, along with its diameter, determines its electrical properties with the chiral numbers uniquely defining the SWNT diameter [68] . The armchair structure has metallic characteristics. Both zigzag and chiral structures produce band gaps, making these nanotubes semiconductors and, thus, dependent on chirality, SWNT can have metallic or semiconductor conductivity. UV-vis-NIR diagnostics demonstrated that the application of the magnetic field strongly changes the outcome product with the diameter range broadening towards the smaller diameter [67] . These data are summarized in table 1. The data shown in table 1 suggest that the length, diameter and thus chirality of arc-produced SWNTs can be controlled by external magnetic field applied to the discharge. Magnetic field of relatively small magnitude of several kilogauss was found to result in dramatically increased production of smaller diameter (about 1 nm) SWNTs and broadening of the spectrum of diameters/chiralities of synthesized SWNTs. Figures 2(a) and (b) show the typical TEM image of SWNT bundles and catalyst particles with magnetic field and without magnetic field, respectively. Applying ImageJ software to TEM images, catalyst nanoparticle distributions were reconstructed, as shown in figure 2(c) . The average diameter of catalyst particles in magnetically enhanced arc is about 5 nm while it is about 7.5 nm in the case of the arc without magnetic field suggesting that the magnetic field can have a significant effect on the catalyst nanoparticle diameter [69] . Magnetic field leads to plasma collimation and thus reduces the region with temperature range suitable for catalyst nanoparticle growth. Due to the coupling between the temperature distribution and condensation region of the vapour particles, the shrinkage of the growth region can in turn lead to shorter growth time and as a result reduce the diameter of catalyst particles. In addition, the nickel-contained (ferromagnetic) particles are accelerated by the magnetic force. The temperature range of catalyst nanoparticle and SWNT growth is distributed from 1800 K in the arc boundary to the region below the Curie point where the magnetic force can accelerate particles and reduce the residence and thus the growth time. As a result, the catalyst particle diameter is expected to be smaller in the case of a magnetic field as compared with the case without a magnetic field as can be seen from table 1. Thus, these results indicate that there is a strong correlation between the SWNT diameter decrease in a magnetic field and catalyst nanoparticle diameter reduction under the same condition. This suggests a very important tool for the control of the SWNT synthesis.
In addition, the above results imply that there might be an advantage for controlling independently catalyst particle distribution. As an example, let us demonstrate how this can be done using the vacuum arc source [70] by depositing the vacuum-arc-generated nanoparticles on the glass film.
The atomic force microscopy (AFM) images are shown in figures 2(e) and (f ). It can be seen that the nanoparticle density increased by a factor of 14 in the case of a magnetic field in comparison with a zero magnetic field case and the nanoparticle size distribution is altered as shown in figures 2(e) and (f ).
Recently it was found that few-layer graphene particles can be synthesized in an arc plasma controlled by a magnetic field [56, 57] . A variety of diagnostics including SEM, TEM associated with electron diffraction analysis, Raman and AFM were used to identify the single or few-layer graphene particles having estimated size of sheets in the order of 0.1-1 µm, as shown in figures 2(d). It was demonstrated that the largescale and free-standing graphene layer can be synthesized in magnetically enhanced arc discharges. During the growth processes, the magnetic field can control the nucleation and growth zone of catalyst particles and the formation zone of graphene structure and also leads to the graphene deposition in a collection area. Moreover, this deterministic, singlestep approach was applied for the rapid, large-scale and simultaneous synthesis and magnetic separation of highquality graphene flakes and CNTs in magnetically enhanced high-pressure arc discharge plasmas [67] . This approach relies on the combination of a high-density plasma arc discharge with the unique ability to produce high-quality CNTs and graphene flakes, enhanced by customized non-uniform magnetic field. Magnetic field splits the simultaneous production of highquality CNTs and graphene flakes in the high-plasma-density growth zone of the arc discharge, and leads to magnetic separation of the nanotubes and graphene in the low-plasmadensity separation zone of the arc discharge.
How can theory and modelling help?
The purpose of the arc plasma discharge model is to obtain plasma parameters of the discharge relevant for CNT synthesis which is very difficult to measure. The numerical model should combine various processes such as arc formation, electrode heating, sublimation, flow expansion, species diffusion, plasma generation and finally, nanostructure growth. To this end, one-dimensional model developed by Farhat et al solves for temperature, species concentration and velocity in one spatial direction between the electrodes [71] . A more accurate two-dimensional model developed by Bilodeau et al [72] assumes uniform erosion rate of anode obtained from experiments. Navier-Stokes equations along with electromagnetic sources and energy equation were solved in cylindrical coordinates using the SIMPLE algorithm [73] . Linear electric field with radial variation of current was (e)-(f ) AFM images of catalyst particles deposition on glass film which placed 5 cm far away from vacuum arc source; (e) particle film deposition using without magnetically enhanced vacuum arc source, (f ) same area of glass film using magnetically enhanced vacuum arc source.
considered to simulate the arc between electrodes of equal diameter. It should be pointed out that the linear electric field assumption is inadequate if the electrodes are of different sizes, and hence, current continuity in potential form must be solved [74] . However, in both the cases, azimuthal component of magnetic field intensity alone is significant to consider.
Recently, an attempt was made to consider all these factors for the synthesis of nanostructures [75, 76] . Electrode heating and sublimation rate were coupled with flow expansion to evaluate the instantaneous mass source term self-consistently. Two-dimensional electric field was considered to simulate the arc. The hybrid upwind-central differencing scheme suitable for compressible and incompressible flow regimes was used to account for the differences in the flow regimes inside the chamber [77] . For a given current, the self-consistently obtained data such as flux distribution of individual species, temperature distribution and electric potential serve as inputs for the nanotube growth model. Insets in figure 1 show some typical results of temperature and electron density distributions which are in qualitative agreement with the image of the arc.
In addition, SWNT interaction with arc plasma and SWNT growth process is very difficult to monitor and thus simulations become an indispensable tool for the analysis. The model developed by Keidar et al [62] for SWNTs' growth assumes a uniform sheath around the catalyst particles and the carbon ion flux over the delivery area of the nanostructure, which accounts for the growth, was obtained using the existing density of carbon species. The growth rate of the SWNT is determined by the balance of the total carbon influx to the catalyst particle and the evaporation from SWNT and catalyst surfaces, which are, in turn, dependent on the kinetics of carbon adatom migration on SWNT and catalyst surfaces. The growth rate of nanotube with respect to its length is predicted for different densities of the plasma. The predictions showed a drastic reduction in the growth rate with the increase in length. Using a similar approach, Levchenko et al [78] analysed the nanotube growth rate on the plasma exposed solid surfaces and in the arc plasma bulk. Analysis showed that under similar conditions, nanotube growth in bulk plasma is 10 5 times higher than that on plasma exposed solid surfaces. Such modelling of both plasma and carbon nanostructures' growth can complement experimental studies by providing parameters that are difficult to measure.
What is next?
In spite of a decade long history of intensive research some basic understanding of the arc discharge technique is still lacking and, as such, warrants detailed basic studies. Recent research advance demonstrates that CNT parameters can be controlled by a magnetic field. The summary of these results is shown in table 1. It is clear that SWNT parameters are coupled with properties of catalyst nanoparticle. This leads to the conclusion that the basis of the control of the arc discharge synthesis lies in the fundamentals of the catalyst formation and interaction of the catalyst with the active carbon species. Most critical areas where research is needed fall within the broad program of basic understanding of the arc discharge technique by utilizing most advanced experimental techniques and simulations.
Several experimental techniques under development can be utilized to probe the plasma and nanostructures in an arc discharge. One of the possible techniques is the Langmuir probe [79] . The applicability of the Langmuir probe technique for highly collisional plasma of atmospheric anodic arc producing SWNTs remains the subject of active ongoing investigation. What complicates the application of Langmuir probes in the conditions of nanostructure producing arc is the very fast contamination of the probe with the synthesized nano-products leading to the uncontrollable increasing of the collecting probe area and short-circuit of the probe with surrounding bodies [63] . In this respect, the probe having a fast moving shutter, providing exposure times to the plasma environment in the millisecond range was recently shown to be a robust technique for plasma diagnostics [30] . Recent application of laser-induced fluorescence (LIF) and laser-induced incandescence (LII) for conditions of nanotube synthesis using laser ablation and Rayleigh microwave scattering for small-scale atmospheric plasmas opens up a wide spectra of new prospects for in situ diagnostics of arc SWNT synthesis [80] .
Based on recent results on the magnetic field effect on carbon nanostructures produced in arc plasma one can suggest an active electromagnetic device that might be introduced for the control of the catalyst nanoparticles and the carbon nanostructure growth. During the arc discharge, it can be relatively easy to modify the magnetic field distribution and to provide, for instance, the stronger magnetic field to influence the nucleation and growth conditions of catalyst nanoparticles. Also, different catalyst materials with ferromagnetic or paramagnetic properties can be employed to control the diameter distribution under magnetic field. This research can lead to better understanding of the influence of the catalyst nanoparticle size on the SWNT diameter and chirality.
We are confident that fundamental understanding of the arc discharge technique will be improved using the aforementioned approaches and will lead to greater appreciation and acceptance of this technique.
